Determination of the bandgap and split-off band of wurtzite GaAs 
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GaAs nanowires with a 100% wurtzite structure are synthesized by the vapor-liquid-solid method 
in a molecular beam epitaxy system, using gold as a catalyst. We use resonant Raman spectroscopy 
and photoluminescence to determine the position of the crystal-field split-off band of hexagonal 
wurtzite GaAs. The temperature dependence of this transition enables us to extract the value at 
OK, which is 1.982 eV. Our photoluminescence excitation spectroscopy measurements are consistent 
with a band gap of GaAs wurtzite below 1.523 eV. 



Nanowires are filamentary crystals with a diameter of 
the order of few nanometers. Their increasing impor- 
tance in both science and engineering is a consequence of 
the great number of novel experiments and applications 
they enable.^"'' It has been predicted and shown that the 
reduced diameter of nanowires allows the combination of 
lattice mismatched materials when they are fabricated 
in the nanowire form.®'^ The possibility of obtaining new 
material combinations opens great perspectives for ex- 
ample in the area of multiple junction photovoltaics.^*^ 
Recently, a new degree of freedom in the formation of het- 
erostructures has appeared. The new type of heterostruc- 
ture concerns the variation of the crystal phase along the 
nanowire instead of the material composition. ^^"^■^ The 
degree of control over the crystal phase can be astonish- 
ingly accurate depending on the growth method, ^^"^^ so 
that perspectives for new device concepts arc exciting the 
nano-science and nanotechnology community. 

While the structural control is becoming increasingly 
sophisticated, few experimental reports have focused on 
the details of the electronic structure of wurtzite ar- 
senides or phosphides. Recently, two groups applied pho- 
toluminescence excitation to determine the valence band 
structure of wurtzite InP.^'''^^ The results agreed well 
with the theoretical expectations. Wurtzite GaAs has 
shown to be more controversial. First, there are sig- 
nificant disagreements between the theoretical calcula- 
tions of the bandgap. Second, luminescence studies 
of different groups have shown results consistent with a 
bandgap of 1.54,^1 1.522,^2 and 1.50eV.23-25 ^he appar- 
ent lack of agreement between the various groups might 
be explained by the fact that the optical and struc- 
tural characterizations were not performed on exactly 
the same nanowire. Recently, we designed an experiment 
in which both the luminescence and electron microscopy 
measurements were realized on the identical nanowire. 
We investigated both nanowires presenting a mixture of 
wurtzite and zinc-blcnde and a 100% of wurtzite crystal 
phase. These and previous experiments were consistent 
with a bandgap of 1.50 eV for wurtzite GaAs.^'^^^s 

As a consequence of the hexagonal symmetry, it has 
been shown that the band structure of wurtzite semi- 



HH 



zinc-blende 





FIG. 1. (left) Schematic band diagram for wurtzite GaAs 
near the Brillouin zone center according to Ref. 19. (right) 
Schematic band diagram for zinc-blende GaAs near the Bril- 
louin zone center. 



conductors exhibits important differences compared to 
the band structure of the respective zinc-blende (cubic) 
counterparts.^^ In Fig. 1 we compare the band structure 
of zinc-blende and wurtzite GaAs close to the F point ac- 
cording to recent theoretical results from De and Pryor.^^ 
As a consequence of the zone folding induced by the dou- 
bling of the unit cell along the (111) direction an addi- 
tional conduction band with Fg symmetry appears for 
the wurtzite structure. In contrast to other III-V semi- 
conductors the energy separation Acs between these 
two conduction bands is expected to be the smallest for 
the case of wurtzite GaAs. The theoretical predicted 



values of Acs = -23mcV,2u Acs = -hSSmeV,!^ or 
Acs — +87meV2^ arc even smaller than the predicted 
splitting of the two uppermost valence bands. There, 
the crystal field splitting and spin-orbit interaction lift 
the degeneracy of the heavy and light hole states for 
the wurtzite structure. ^^'^6 Furthermore a crystal-split- 
off hole (CH) band is predicted further down in energy 
below the valence band edge compared to the split-off 
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band in zinc-blende GaAs.^^ To the best of our knowl- 
edge, there are to date no studies providing the values of 
either the crystal splitting or split-off band for the case 
of wurtzite GaAs. 

Luminescence studies allow the probing of transitions 
between the conduction band minimum and the high- 
est energy valence band states. In order to obtain in- 
formation on the valence band structure, i.e. crystal and 
split-off band splitting, other type of experiments such as 
photoluminescence excitation and resonant Raman scat- 
tering should be implemented. ^^'^^"^^ In this paper we 
use resonant Raman scattering and photoluminescence 
excitation spectroscopy to probe the crystal-field (CH) 
split-off valence band to conduction band transition and 
to provide more clarity and consistence in recent lumi- 
nescence studies that attributed the bandgap of wurtzite 
to be at 1.50 eV. 

Wurtzite GaAs nanowires were grown by the Au- 
catalyzed Vapor-liquid-solid method on GaAs (lil)B 
substrates at a growth temperature of 540 °G under a 
As4 Beam flux ofl.27-10~^ Torr at a Ga rate equivalent 
to a planar growth of 0.4 A/s. The growth time was 4 
hours. The nucleation and growth followed the Vapor- 
Liquid-Solid mechanism, with Au as catalyst.'^'' Details 
on the growth procedure are described in.'^^ After the ax- 
ial growth of the nanowires the growth parameters were 
changed to conditions suitable for planar growth and the 
nanowires were passivated by an epitaxial prismatic shell 
of AlGaAs/GaAs material. The 2D equivalent amount 
grown during capping was 60 nm AlGaAs followed by 
30 nm GaAs. The total diameter of the nanowires is ap- 
proximately 85 nm. The structure has shown to be 100% 
wurtzite with a few twin planes. 

Single nanowire spectroscopy was realized on 
nanowires dispersed on a marked silicon substrate. 
In the Raman spectroscopy experiments, the nanowires 
were photoexcited by Ar+Kr+ or HeNe lasers with 
wavelengths respectively 647.1 nm and 632.8 nm. 
In the photoluminescence excitation spectroscopy 
measurements (PLE), the excitation source was a 
Koheras SuperK super continuum source filtered by an 
acusto-optical tunable filter (AOTF). During the PLE 
measurement the actual power of the excitation light 
was kept constant throughout the entire wavelength 
range by means of a computer controlled feedback loop. 
Both in the Raman and PLE spectroscopy experiments, 
the light was focused to a sub-micron spot using a cover 
glass corrected 0.75 NA microscope objective. The 
measurements were realized at a temperature between 
10 and 360 K in a liquid helium flow cryostat. The 
scattered light was collected through the same objective 
and focused on the entrance slit of a triple spectrometer 
and the spectrum collected thanks to a peltier cooled 
charge coupled device. 

We first present the resonant Raman scattering exper- 
iment. Here, we look for the conditions leading to sharp 
resonances of the first and second order LO phonons that 
occur via the dipole-forbidden Frohlich electron-phonon 



interaction.^ The resonance is observed when the ex- 
citation energy coincides with an interband critical point 
Ec in the joint density of states of the semiconductor. 
In our case, we reach the transition between the split-off 
valence and the conduction band. Typical Raman spec- 
tra of wurtzite GaAs obtained in polarized configuration 
with the incident and detected polarization parallel to 
the c-axis, which lies along the nanowire axis, are shown 
in Fig. 2a. This configuration is denoted as x{z, z)x in 
Porto notation. We plot the spectra under non-resonant 
and resonant conditions, the difference being the inten- 
sity of the LO and 2L0 peaks. Under non-resonant 
conditions, only the Ai(TO) mode at '^270 cm~^ is al- 
lowed in x{z, z)x configuration. Under resonant con- 
ditions, not only the intensity of the dipole-forbidden 
Ai(LO) mode at ^290 cm~^ increases significantly but 
also the second order Raman scattering by two yli(LO) 
phonons at ~580cm^^ is strongly enhanced. ■^^ For sim- 
plicity, in the following we will denominate the Ai(TO) 
and Ai(LO) modes as simply TO and LO. 

Now we proceed with the determination of the res- 
onance Raman conditions for the measurement of the 
critical points of wurtzite GaAs. We measured the Ra- 
man spectra of single wurtzite GaAs nanowires as a func- 
tion of the excitation energy and temperature. The ex- 
citation wavelengths used were 632.8 and 647.1 nm. The 
temperature was varied between 10 and 360 K. The in- 
tensity of the LO and 2L0 peaks normalized to the in- 
tensity of the TO mode as a function of temperature 
for the excitation at 632.8 and 647.1 nm are shown re- 
spectively in Fig. 2b and c. The resonance profile of 
the LO phonon scattering shows a single maximum un- 
der outgoing resonance, where the scattered light exactly 
matches a gap of the electronic band structure. The 2L0 
phonon scattering reveals a strong outgoing resonance 
{Ehaser = Ec + fiu!2Lo) as wcU as a weaker intermediate 
resonance {ELaser = Ec + huLo)- No incoming resonance 
is observed neither for the LO nor the 2L0 scattering. 
For the excitation at 632.8 nm, we observe the strongest 
resonance of the LO and 2L0 peaks respectively at 197 
and 255 K. For the excitation at 647.1 nm, we observe it 
at 282 and 327 K. For these temperatures, the energy of 
the critical point Ec is then calculated: 

Ec + tujjph = hc/X (1) 

where LOph corresponds to the frequency of the phonons 
(LO or 2L0) and A is the excitation wavelength. For the 
temperatures of 197, 255, 282, and 327 K, under which 
the resonances occur, we obtain respectively critical en- 
ergies of 1.925, 1.889, 1.882, and 1.846 eV. These points 
are reported in Fig. 2d. Limitations in wavelengths we 
have available do not allow us to obtain the energy of 
this transition at lower temperatures. Nevertheless, we 
have tried to measure direct luminescence from the re- 
combination between the two resonant levels. Due to the 
very few non occupied states in the CH split-off band, 
such a transition is extremely weak. We have obtained 
luminescence of this transition for an incident polariza- 
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FIG. 2. (a) Raman spectra of individual wurtzite GaAs nanowires at LO/2LO resonance and out of resonance, (b) and (c) show 
LO and 2LO resonance profiles for 632.8 nm and 647.1 nm excitation. The LO phonon scattering exhibits a single maximum 
under outgoing resonance. The 2LO resonance profile consists of a strong outgoing resonance {E Laser = Ec + hjj2Lo) and a 
weaker intermediate resonance {E Laser — Ec + Hlolo)- (d) Temperature dependent variation of the crystal field split-off gap 
in wurtzite GaAs with a fit to the Varshni equation. The inset shows the measured photoluminescence from this gap at three 
different temperatures. The temperature dependence of the zincblende Eo + Ao gap^'' is shown for comparison. 



tion parallel to the hexagonal c-axis at temperatures be- 
tween 10 and 40 K by exciting with 568.2 nni and a power 
of 50 /iW. The acquisition time was 30 min, which is be- 
tween three and four orders of magnitude longer than 
our typical luminescence experiments in our nanowires 
for equivalent excitation powers. The spectra are shown 
in the inset of Fig. 2d. At temperatures of 10, 20 and 
40 K we observe respectively PL centered at 1.982, 1.981, 
and 1.976 eV. This enables us to complete the curve of 
the temperature dependence. The temperature depen- 
dent variation of the band gap energy can be commonly 
given in terms of the a and (3 coefRcients of the Varshni 
equation:^^ 

E,{T) = EM - (2) 

Least-squares fitting to the experimental data, the re- 
sult is shown in Fig. 2d, gives the fitting parameters a 
and /3 as 6.9 • lO'^'eV/K and 245.8 K, respectively. For 
T OK we find a gap energy of £^{0) = 1.982 cV. We 
now discuss the nature of the extrapolated interband crit- 



ical point Ec{T = 0) = 1.982 eV in wurtzite GaAs. In 
zinc-blende GaAs, the interband transition from the spin- 
orbit-split valence band to the lowest conduction band at 
the F point Eq + Aq is found at 1.851 eV^^ for T = OK 
(see Fig. 2d). Likewise, we attribute the observed energy 
gap in wurtzite GaAs to a transition from the crystal- 
field split-off valence band to one of the lowest energy 
conduction bands at the F point of the Brillouin zone. 
For the discussion, we need to come back to Fig. 1. The 
crystal-field split-off valence band is labeled with CH. 
This band has a Fy symmetry. In the conduction band 
there is an important difference with respect to zinc- 
blende. There is one first minimum labeled Fg, which 
originates from the zone-folded L-valleys of zinc-blende 
GaAs. This band is separated by a small energy fraction 
AcB from a close lying conduction band with F7 sym- 
metry. According to the selection rules in materials with 
hexagonal wurtzite structure, optical transitions from the 
CH valence band to the Fy^ conduction band are 
dipolc allowed. Transitions from the T-^y valence band to 
the Fgc conduction band are dipolc forbidden. "^^ Gencr- 
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FIG. 3. a) Integrated PLE signal data points (blue trian- 
gles) of a single nanowire. The red curve corresponds to 
the PL signal obtained for excitation with photon energy of 
1.845 eV b) Integrated PLE data from a nanowire ensemble 
(blue squares). The red line shows the corresponding photo- 
luminescence spectrum for excitation wavelength of 1.527 eV 



ally, these selection rules may be softened in resonant Ra- 
man exciting conditions, meaning that resonant Raman 
scattering from an optically forbidden transition cannot 
be completely excluded. However, the fact that we ob- 
serve photoluminescence from this energy gap let us con- 
clude that the transition should be the dipole allowed 
CH (Fy^u) to Ttc- Consequently, we assign the observed 
critical point with energy of 1.982 cV in wurtzite GaAs 
to the interband transition from the crystal-field split- 
off valence band to the second lowest conduction band. 
Finally, we compare the experimental findings with theo- 
retical predictions. Based on an empirical pseudopoten- 
tial method including spin-orbit coupling, De und Pryor 
calculated values of respectively 1.978 eV and 2.063cV for 
the F7„ to Fgc and Tjy to Fyc interband transitions. This 
means that our experiment agrees within 4% (81mcV) 
with this theory. 

For a further understanding of the band structure 
of wurtzite GaAs, photoluminescence excitation spec- 
troscopy was realized. A typical PL spectrum of a sin- 
gle nanowire is shown in Fig. 3a. A single peak cen- 



tered at 1.515 eV is observed, consistent with our previ- 
ous works. The excitation spectroscopy measurements 
were realized by detecting the integrated intensity of 
the emission as a function the excitation energy. The 
resulting PLE measurements on single nanowires are 
shown in Fig. 3a. We start by describing the measure- 
ments realized at high photon energies of the excita- 
tion light, between 1.58 and 1.85eV, shown in Fig. 3a. 
The power density for these measurements was in the 
order of 300 W/cm^. We observe a relatively sharp in- 
crease in the signal at ~1.6eV. We believe the increased 
signal comes from a contribution of the Alo.33Gao.67As 
shell, which exhibits about 2.7 times the volume of the 
nanowire core in the present sample. The electron-hole 
pairs generated in the shell can diffuse and recombine 
the wurtzite GaAs core, thereby contributing to the PLE 
signal. The bandgap of wurtzite- AlAs is theoretically ex- 
pected to be significantly smaller compared to the (indi- 
rect band-gap) zinc-blende counterpart as a result of the 
zone- folding along the T — L direction. A recombi- 
nation around 1.6 eV is consistent with recent measure- 
ments on wurtzite Al^-Gai-^^As with comparable nomi- 
nal composition.^^ In principle this transition could also 
be in reasonable agreement with a transition from the 
heavy-hole band to the second conduction band with Ty 
symmetry that is predicted at 1.588 eV, and even with a 
transition from the T^y light-hole band to the Fgc con- 
duction band (1.623eV).^^ However, according to theory, 
the transition T^v to Fgc should not be dipole allowed^" 
and furthermore the transitions related to the light-hole 
band or the F7 conduction band should be weak due to 
the smaller joint density of states. We therefore believe 
that the increase in PLE signal around 1.6 eV signal is 
predominantly caused by the onset of absorption in the 
wurtzite Alo.33Gao.67As shell. 

Finally, we turn our attention to PLE measurements 
realized closer to the bandgap. In order to approach the 
band gap with the excitation source the spectral output 
of the AOTF had to be further narrowed by passing the 
excitation light through a monochromator (f=300 mm. 
Grating: 150 Grooves/mm) and subsequently projecting 
the light from the exit slit of this monochromator to the 
sample. This enabled us to narrow down the linewidth 
below 1 nm and to remove the remaining background 
emission from the AOTF. This further step also limited 
the maximum excitation power density down to about 
10 W/cm^. As a consequence, the collected signal was 
significantly reduced with respect to the measurements 
for excitation energies higher than 1.6 eV. In order to 
increase the signal to noise ratio for the energy range 
between 1.525 and 1.68 eV, we realized measurements 
on nanowire ensembles. As shown in Fig. 3b, the PL 
spectrum of the ensemble is extremely similar to that of 
single nanowires. This is possible because all nanowires 
present the identical structure. Consistent with the mea- 
surements at higher excitation energies, we observe an 
increase in PLE intensity around 1.6 eV. For energies be- 
low 1.6 eV and down to 1.523 eV, no other clearly rcsolv- 
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able PLE feature is observed. One should note that the 
PL spectrum shown in Fig. 3b corresponds to the one ob- 
tained at the excitation energy of 1.527 eV. We therefore 
estimate the Stokes shift - the energy offset between the 
emission peak and the onset of absorption - to be smaller 
than lOmeV. From our PLE measurements we can esti- 
mate an upper limit for the band gap of wurtzite GaAs to 
1.523 eV. As we have discussed in detail prcviously,^^ tak- 
ing into account quantum confinement effects, the emis- 
sion peak is in reasonable agreement with predictions of 
De and Pryor of a bulk wurtzite band-gap of 1.503 eV.^^ 
At the same time, our PLE data are inconsistent with 
a band-gap of 1.552 eV as predicted by Murayama and 
Nakayama,^° as no feature is observed in the correspond- 
ing spectral region. 

In conclusion, we have measured the position of the 



crystal-field split-off band of wurtzite GaAs by resonant 
Raman and photoluminescence spectroscopy. The tem- 
perature dependence was fit with the Varshni equation 
and the parameters were extracted. A value of 1.982 eV 
was obtained for the CH split-off to conduction band 
transition at K. PLE measurements down to 1.525 eV 
arc consistent with a bandgap of wurtzite GaAs below 
1.523 eV and inconsistent with a transition at 1.55 eV. 
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